Abstract. In this paper, it is reported the structural and magnetic properties of Nd 13.7 57 Fe Mössbauer spectra at RT are used to investigate the effects of substituent elements: Dy, Pr, Co, Ga on the hard magnetic properties and microstructure of both nanocomposites. Analysis of Mössbauer spectra for Nd 13.7 Pr 0.7 Dy 0.2 Fe 73.1 Co 6.3 Ga 0.4 B 5.6 is done in terms of ten Zeeman sextets, one paramagnetic doublet related to Nd 1.1 Fe 4 B 4 phase and two hyperfine magnetic fields distributions extracted from spectrum. Similar result of analysis of the second nanocomposite is obtained with eleven sextets, one doublet and one distribution. One sextet corresponds to α-Fe phase, while we have identified six iron sextets corresponding to the six distinct iron sites in the Nd 2 Fe 14 B structure: 16k 1 , 16k 2 , 8j 1 , 8j 2 , 4c and 4e. The three remaining sextets belong to Fe 3 B structure with three inequivalent Fe sites: Fe I (8g), Fe II (8g) and Fe III (8g). The eleventh sextet of Nd 7.7 Pr 0.7 Dy 0.2 Fe 79.1 Co 6.3 Ga 0.4 B 5.6 belongs to FeB. All relevant parameters for both nanocomposites: magnetic hyperfine field, isomer shift and quadrupole splitting are determined for each of these sites. To highlight the thermally induced structural transformations, the quenched samples have been analysed by differential scanning calorimetry and thermomagnetic measurements. The magnetic properties, measured at RT on the quenched and annealed ribbons, revealed the relationship between the alloy chemical composition and processing.
Introduction
Hard magnetic materials were divided into the group of conventional metallic and oxide magnets and the group of modern magnets based on intermetallic compounds of rare earth elements with Co and/or Fe. The importance of advanced permanent magnetic materials in many electro-, magneto-chemical and electronic applications is depending on the significant improvement of the magnetic energy density and a high coercivity or "magnetic hardness" of the new hard magnetic materials. The basis for these high-performance magnets are rare earth intermetallic phases SmCo 5 [1] and Nd 2 Fe 14 B [2] [3] [4] . Discovered in '80, the NdFeB magnets imposed due to their remarkable magnetic performance at room temperature, but they present some disadvantages, related to their thermal and corrosion stability [5] [6] [7] , disadvantages that limit their operating regime in various applications field. High performance Nd 2 Fe 14 B-based permanent magnets are produced with different composition and processing techniques, the magnetic properties of rare earths based permanent magnets being strongly dependent on their chemical composition. In this respect, any alloy contamination, especially with oxygen, occurred during processing, depletes the alloy of the rare earth elements. The first, negative consequence is the shift of the composition on the side of the phase diagram, rich in transition metals, that means a disadvantageous phase distribution. Depending on the alloy composition, the nanocomposite structures can be Nd 2 Fe 14 B/Fe 3 B or Nd 2 Fe 14 B/α-Fe or mixture of both. Many efforts are continuously devoted to improve the performance of Nd 2 Fe 14 B/α-Fe nanocomposite magnets. One of the most effective methods was through the compositional modification of Nd 2 Fe 14 B/α-Fe system [8] [9] [10] . Two main types of elements can be added to Nd 2 Fe 14 B/αFe composites: (a) substitutional elements such as Pr, Dy, Co, Ga and La [11, 12] and (b) two different types of dopants such as Al, Cu, Zn, Ge, Sn and Ti, Zr, V, Mo, Nb and W [13] [14] [15] . Two different types of dopants, influencing microstructure in different ways, can be distinguished independently of the processing route; sintering, melt-spinning, mechanical alloying and hot worked magnets: for example, dopants M1 type as Al, Cu, Ga form binary M1-Nd or ternary M1-Fe-Nd phases and dopants M2 type as Ti, Zr, V, Mo, Nb, W form binary M2-Nd or ternary M2-Fe-B phases. Substituent and dopant elements influence the microstructure, coercivity and corrosion resistance of advanced (Nd,Pr,Dy)-(Fe,Co,Ga)-B magnets. Generally, two types of substituent elements, which replace the rare earth element or transition element sites in the hardmagnetic phase, and two types of dopant elements are distinguished for the highest value of energy density product, obtained so far [16] . Selected elements substitute the Nd-atoms (Pr and Dy) and the Fe-atoms (Co and Ga), in the hard magnetic Ф-phase. Their introduction changes the intrinsic properties; the spontaneous polarization, the Curie temperature and the magnetocrystalline anisotropy according to their solubility range within the Nd 2 Fe 14 B phase.
Experimental 2.1 Preparation and XRD
In the Nd-Fe-B system, our studied multicomponent alloys: Nd 13 crucible, starting from elements or masteralloys (B20-Fe, Nd84-Fe, Dy80-Fe, in wt. %). In order to avoid the oxidation of the rare earths alloys, their processing is performed in vacuum (10 -3 -10 -4 mbar) and then inert atmosphere (argon, 99.95% purity), and the iron was previously deoxidized, through annealing in reducing atmosphere (hydrogen), at 800 -850 o C, for 3 hours. The purity of all elements was higher than 99.8%. The ingots are remelted in high vacuum (5·10 -4 -10 -5 mbar), by the melt-spinning technique, using a quartz crucible with the diameter nozzle of Ф = 0.4 mm and the rare earths-based ribbons are prepared under argon atmosphere (900 mbar). The technological parameters of melt-spinning process were: wheel speed v = 30 m/s, and for melt alloy ejection, an argon overpressure Δp = 0.5 bar. The obtained Nd-Fe-B based ribbon, 15-50 µm thick, 5-8 mm long and 1.5-2 mm wide, have been annealed in vacuum (2·10 -4 mbar)/argon at 715 o C for 4 min. to improve the microstructure and the magnetic properties. The X-ray diffraction measurements were performed on Philips PW 1050 powder diffractometer with Ni filtered Cu Kα radiation (λ = 1.5418 Å) and scintillation detector within 10−120° 2θ range in steps of 0.02°, and scanning time of 12 s per step. . The data were stored in 1024 multichannel analyzer. Laser spectrums were recorded and fitted in order to recalculate channels in mm/s. Sample thickness corrections were carried out by transmission integral. The spectra have been examined by fitting data with WinNormos-Dist software that enables distribution of hyperfine parameters by histogram method and allows for Lorentz sextets and doublets on well-defined ion sites [17] .
To highlight the thermally induced structural transformations, the melt-spun samples from the prepared alloys have been analysed with a DSC 204 F1 Phoenix instrument from Netzsch, Germany, at 10 K/min heating rate in the temperature range (25 -590) o C. The studied samples were placed in open crucible and heated in Ar (gas purity higher than 99.996%). Also have been performed thermo-magnetic measurements on the same samples, through vibrating sample magnetometry (VSM). The measurements were performed with a VSM 7300 Lake Shore in the temperature range (25-830) o C and 800 kA/m magnetic field.
Results and Data Analysis
The XRD patterns of the Nd 13. The Mössbauer absorption spectra at 294 K of both alloys are presented in Fig. 2a and Fig.2b . The spectra consist of ten Zeeman sextets and one paramagnetic doublet related to the Nd 1.1 Fe 4 B 4 phase. One sextet corresponds to the α-Fe phase, whereas others are attributed to six nonequivalent Fe sites in the Nd 2 Fe 14 B structure, namely 16k 1 , 16k 2 , 8j 1 , 8j 2 , 4c, and 4e. The constraints associated with the computer fit of the spectra were that six subspectra were assumed in intensity ratios 4 (Fig. 2b) , contains still one, the eleventh sextet which belongs to the FeB. [15] . It has been observed that, during recrystallization of the amorphous studied alloys after annealing at different temperatures, appears the phenomena of separation and decomposition of the B-rich phase, Nd 1.1 Fe 4 B 4 , and the addition of Co enhanced these phenomena, increasing the content of the B-rich phase. Further, the B-rich phase dilutes the inter-grain exchange interaction resulting in a decrease of the coercivity for magnets. The Nd 1.1 Fe 4 B 4 phase has a very low Curie temperature (T C = 13 K) and the magnetic properties of the magnets are drastically damaged [16] . For example, the presence of this B-rich phase in the composition of NdFeB magnetic nanocomposites has as result the decreasing of coercivity, through the dilution exchange interaction between the grains. The obtained results are in accordance with data reported by the literature [18] . The relative contents of the paramagnetic phase in both nanocomposites are 1.6% and 0.9 % ( Samples from the ribbons prepared by melt-spinning have been investigated through DSC to monitor the thermal induced structural changes, the plotted curves being illustrated in Fig. 3 and 4 . The experimental data obtained from DSC curves are in accordance with those extracted from the thermomagnetic measurements (see Fig. 5 and 6 ). The temperature increasing has as main effect in samples the ordering of atoms in the crystalline structure on intermetallic compounds, the process being marked by ascending curve, both in DSC investigation and in thermomagnetic measurements. The Curie point of the hard magnetic Nd 2 Fe 14 B phase is represented on DSC curve trough minimum and on the thermomagnetic variations through sharp decreasing of the magnetisation. (Fig. 3 and 4) . To assure the recrystallisation also for hard magnetic phases (which take place at temperatures greater than 590 o C), the annealing process was conducted at 715 o C. In order to highlight the occurrence of the exchange interaction between the soft and the hard magnetic phases from the (Nd,Pr,Dy)-(Fe,Co,Ga)-B studied nanocomposites, was determined the value of the remanent and saturation magnetisation ratio M r /M S , whose values, extracted from the plotted hysteresis curves, are presented in Table 2 .
It can be seen that in the annealed state the soft and the magnetic phases are exchange coupled, the value of the M r /M S ratio being greater than 0.5. melt spun samples. The magnetic properties, measured at room temperature on the quenched and annealed ribbons, revealed the relationship between the alloy chemical composition and processing. The parameters of the recrystallization process could be carefully chosen in the case of the studied nanocomposites, in order to lead to an improvement of the magnetic performances of the asquenched NdFeB-based alloys. Analysis of experimental results enabled better insight in relationship between microstructure and magnetic properties of nanocomposites, function of variable percentage fraction of iron.
